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Liposomal-Encapsulated  Stroma-Pree 
Hemoglobin  as  a  Potential  Blood  Substitute 
C.  Anthony  Hunt.  Ph.D. 

Summary 

Over  the  past  year  we  have  made  considerable  progress 
in  optimizing  preparation  of  NEOHEMOCYTES ,  NHC.  All  indica¬ 
tions  are  that  substantial  further  improvement  is  likely. 
At  this  time  we  can  prepare  NHC  suspensions,  suitable  for 
infusion,  that  are  equivalent  in  tissue  delivery  proper¬ 
ties  to  either  a  17.3g%  SFH  solution  or  to  normal  blood  hav¬ 
ing  a  hematocrit  0.20.  We  know  that  the  half-time  for 
retention  of  NHC  in  the  circulation  increases  dramatically 
as  the  amount  transfused  increases.  Further,  we  know  that 
circulation  half-time  is  very  is  very  sensitive  to  changes 
in  the  membrane  composition  and,  to  somewhat  less  extent,  to 
their  diameter. 

One  would  prefer  that  circulation  half-time  be  essen¬ 
tially  the  same  for  transfusions  of  either  10%  or  90%  of 
blood  volume.  To  reach  this  goal  we  are  preparing  several 
"masking  lipids."  These  are  synthetic  phospholipids  with 
inert  carbohydrate  head  groups;  they  are  designed  to  minim¬ 
ize  or  prevent  interaction  or  binding  of  NHC  to  tissues,  and 
reduce  the  likelyhood  of  reticuloendotheial  blockaid. 

The  prospects  for  NHC  look  very  good!  Potential 
antigenisity  and  undesirable  effects  on  clotting  time  are 
potential  problem  areas  that  will  require  increasing  atten¬ 
tion. 


Abbreviations 

Hb:  hemoglobin 

SFH;  Stroma  free  hemoglobin  (supplied  by  LAIR) 
Met-Hb:  Met-Hemoglobin 
DGP;  2 , 3-diphosphoglycerate 
IHP;  inonsitolhexaphosphate 

HCL;  hemoglobin  containing  liposomes:  NEOHEMOCYTES 
n;  the  Hill  number  for  Hb/02  binding 
NHC:  Neohemocyte (s) 

mosm:  miliosmolar 


PC;  phosphatidylcholine 

PA:  phosphatidic  acid 

CH;  cholesterol 

T/  (oT) :  o -tocopherol 

w/DPG;  with  DPG 

w/o  DPG:  without  DPG 

OTS;  oxygen  transport  system 

Hct:  hematocrit 


Types  of  NHC  discussed  in  This  Report; 


NHC;C-l(x).  These  NHC  have  a  composition  of  PC/PA/CH/T 

in  a  molar  ratio  of  4:1:5:0.1  with  an  average  diameter 
of  about  0.4  um.  The  concentration  of  SFH  in  the  ori¬ 
ginal  solution  to  be  encapsulated  was  Xg%.  The  osmo- 
larity  of  the  starting  SFH  solution  was  30mosm  result¬ 
ing  from  SFH  and  pH7.5  phosphate  buffer.  After 
preparation  these  NHC  were  slowly  dialyzed  against  a 
300  mosm  dextrose  to  equilibrate  internal  and  external 
osmolarity. 


NHC:C-2{x).  The  composition  an  size  of  these  NHC  are  the 

same  as  the  NHC:C-l(x).  The  concentration  of  SFH  in 
the  starting  solution  is  Xg%;  however,  the  osmolarity 
of  this  starting  solution  is  300  mosm.  Phosphate  con¬ 
tributes  30  mosm,  the  remainder  is  due  to  dextrose. 
The  internal  aqueous  phase  of  these  NHC  (the  starting 
solution  of  SFH)  is  iso-osmotic  with  plasma. 


NHC;C-3(x).  The  composition,  size  and  SFH  concentration  of 
these  NHC  are  the  same  as  the  NHC;C-l(x).  However, 
the  osmolarity  of  this  starting  solution  is  300  mosm 
composed  only  of  the  SFH  and  the  phosphate  buffer 
(much  higher  ionic  strength  than  NHC:C-2(x));  the  ini¬ 
tial  aqueous  phase  of  these  NHC  (the  starting  solution 
of  SFH)  is  iso-osmotic  with  plasma. 


Technical  Objectives 


Activity  TO  DATE; 


Our  objectives  this  year  have  been; 

1.  Improve  the  amount  of  SFH  encapsulated  in  NHC. 

a.  Investigate  various  techniques  to  adjust  the 
osmolarity  of  NHC  to  that  of  plasma  when 
hypo-osmotic  solutions  are  used  to  prepare 
NHC. 

b.  Further  evaluate  procedures  to  separate  Hb- 
rich  from  Hb-poor  NHC. 

2.  Increase  the  P5p  of  entrapped  SFH  by  co-encapsulat ing 
either  DPG  or  IHP. 

3.  Establishing  the  viscosity  of  NHC. 

4.  Establishing  the  performance  of  NHC  in  standard  in 
vitro  clotting  tests. 


5.  Develop  techniques  to  further  minimize  interaction  of 
NHC  with  tissues  in  vivo. 


6.  Determine  the  degree  to  which  the  encapsulated'  SFH 
modifies  the  organ  disposition  pattern  of  liposomes 
having  a  fixed  composition  and  size. 

Results 


I .  Improved  SFH  Encapsulation 

In  our  last  report  we  indicated  that  the  amount  of  SFH 
encapsulated  per  mol  of  total  lipid  was  a  function  of 
several  variables  (Scheme  I).  To  maximize  SFH  encapsulation 
for  a  fixed  NHC  size  one  must:  (a)  keep  the  concentration 
of  met-Hb  below  5%,  (b)  use  a  higher  initial  concentration 
of  SFH  (we  have  carried  out  encapsulations  using  as  high  as 
30g%  SFH) ,  (c)  keep  the  total  osmolarity  of  the  SFH  solution 
as  low  as  possible,  (d)  minimize  ionic  strength,  (e)  lower 
the  amount  of  lipid  used  per  unit  volume  of  SFH  (although) 
this  improves  encapsulation  as  defined  above  it  decreases 
the  efficiency  of  encapsulation),  (f)  match  the  densities  of 
the  lipid-solvent  and  aqueous-SFH  phases,  (g)  minimize  the 
size  of  emulsion  particles,  e.g.,  emulsify  for  a  longer 
time,  (h)  minimize  formation  of  met-Hb,  e.g.  emulsify  for  a 
shorter  time. 


Unfortunately  one  can  not  optimize  each  variable 
independent  of  the  others  because  they  are  interdependent 
(consider  g  and  h) .  For  example  the  quality  of  emulsion 
properties  decrease  as  the  total  osmolarity  of  the  aqueous 
phase  and/or  the  ionic  strength  component  of  osmolarity 
increases,  yet  the  final  product  must  be  iso-osmotic  with 
plasma  and  should  have  a  relatively  high  buffer  capacity. 

At  this  stage  the  most  important  question  seems  to  be 
whether  to  prepare  hypoosmotic  NHC  (e.g.  NHC:C-l(x))  and 
adjust  internal  osmolarity  in  a  subsequent  step  or  to  simply 
prepare  iso-osmotic  NHC.  We  currently  have  no  preferred 
direction,  but  are  actively  investigating  each. 

It  now  seems  very  likely  that  the  final  OTS  preparation 
procedure  will  involve  separation  of  Hb-rich  from  Hb-poor 
NHC.  We  now  do  this  in  two  ways;  (i)  adjust  the  density  of 
the  final  suspending  buffer  so  that  only  HCL  with  densities 
greater  than  some  value  are  centrifuged  down  (all  others  are 
centrifuged  up),  or  (ii)  centrifuged  at  five  g's  for  a  fixed 
time.  Each  procedure  gives  somewhat  different  Hb-rich  NHC, 
but  not  substantially  different. 

The  importance  of  separation  of  Hb-rich  from  Hb-poor 
(Scheme  I)  can  not  be  overstated.  Consider  a  typical  packed 
NHC  suspension  with  a  hematocrit  of  98.  If  we  isolate  the 
denser  half  of  these  NHC  we  will  find  that  they  contain 
about  66  to  77%  of  the  total  encapsulated'  SFH  and  only  20  to 
35%  of  the  total  lipid  present.  Clearly,  the  Hb-rich  NHC 
are  much  closer  to  the  ideal  OTS.  Results  of  several  stu¬ 
dies  are  summarized  in  Table  I. 

The  ability  of  some  NHC  suspensions  described  in  Table 
I  to  deliver  oxygen  to  tissues  in  vivo  has  been  estimated 
and  compared  to  similar  estimates  for  simple  solutions  of 
SFH  and  normal  blood  in  Table  II.  Clearly,  these  NHC  have 
the  potential  to  function  as  a  superior  resuscitative  fluid. 


I I .  Co-Encapsulation  of  PPG  or  IHP . 

As  can  be  seen  in  Table  I  we  now  encapsulate  either  PPG 
or  IHP  in  almost  all  current  NHC  to  improve  both  n  and 
However,  there  is  a  price  for  this  improvement,  as  indicated 
in  Table  III.  For  a  fixed  amount  of  lipid  for  encapsulating 
a  fixed  volume  of  starting  SFH  solution  (constant  SFH  con¬ 
centration)  as  the  molar  ratio  of  PPG  (or  IHP)  to  SFH 
increases  the  final  fraction  of  the  SFH  solution  that  is 
encapsulated  decreases.  The  gain  in  increased  n  and  P-- 
relative  to  decreased  encapsulation  seems  to  peak  for  ^a 
PPG/SFH  ratio  of  about  1.6  to  1.  Studies  need  to  be  under¬ 
taken  to  obtain  the  improved  n  and  PcQvalues  without  reduc¬ 
tion  in  encapsulation. 

III .  Neohemocyte  Viscosity 


Table  I,  Properties  of  Various  NHC^ 


1  ■ 

Type  of  NHC 

P50 

n 

Vol  TO^^ 

8  2Hb2 

Starting 

SFH 

Concentration 

*  3 

SPH-* 

Encapsulated  , 

Control 
(8.3%  SFH) 

12.6 

2.05 

11.1 

8.3 

8.3 

- 

NHC  :C-1(8.3)^ 
w/DPG 

22.1 

1.75 

4.87 

3.63 

8.3 

33.9 

NHC  :C-1(8.3)5 
(Hb-rich)w/DPG 

22.1 

1.75 

6.96 

5.19 

8.3 

23.7 

NHCrC-l(8.3)^ 

w/lHP 

25.7 

1.04 

4.45 

3.32 

8.3 

16 

NHC  :C-1(8.3)5 
(Hb-rlch)w/lHP 

25.7 

1.04 

6.36 

4.74 

8.3 

11.2 

NHC  •C-1(33)^ 
w/DPG 

20.6 

1.76 

11.52 

8.60 

33 

3.9 

NHC  :C-1(33)5 
(Hb-rlch) w/DPG 

20.6 

1.76 

16.46 

12.3 

33 

2.7 

NHC:C-2(8.3)^ 

w/DPG 

22.9 

1.75 

8.21 

6.13 

8.3 

33.2 

NHC:C-2(8.3)^ 

(Hb-rich)w/DPG 

22.9 

1.75 

11.7 

8.76 

8.3 

23.2 

NHC:C-3(8.3)^ 

w/DPG 

21.2 

1.79 

2.81 

2.09 

8.3 

11.3 

NHC:C-3(8.3)^ 

(Hb-rlch)w/DPG 

21.2 

1.79 

4.01 

2.99 

8.3 

7.9 

^All  P50  and  ZO2  values  were  normalized  to  central  SFH  values  to  remove  differences 
between  days  and  yeast  solutions.  All  NHC  were  composed  of  PC/PA/CH/T  in  Che  ratio 
4:1:5:0:1,  pR  was  held  constant  at  7.5.  The  molar  ratio  of  DPG  or  IHP  to  SFH  In  the 
starting  SFH  solutions  were  fixed  at  1.6  to  1.  Met-Hb  levels  In  control  SFH  solutions 
averages  2.57.;  for  each  of  the  MiC  listed  Met-Hb  averaged  57.  In  the  final,  tested 
suspension.  In  all  cases  SO  umoles  of  lipid  (total)  were  used  per  ml  of  the  starting 
SFH  solution. 

^These  values  are  for  an  aliquot  of  MHC  having  a  hematocrit  of  0.95  to  1.00. 

^These  values  represent  the  percent  of  the  original  SFH  entrapped  In  the  final, 
tested  suspension. 

^Thls  suspension  contains  both  Hb-rlch  and  Hb-poor  JIHC. 

^These  are  the  Hb-rlch  HH'';  these  values  are  based  on  average  detemlnations  where 
Hb-rlch  NHC  consist  of  ^  the  volume  of  the  original  NHC;  they  are  that  half  with 
the  higher  density.  On  average  the  more  dense  half  contains  70Z  of  the  encapsulated 
SFH  (the  basis  of  these  numbers). 
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Table  11.  A  Cosparieoc  (Calculated)  of  the  Ability  Neohecocytes  Suspensions, 
SFH  Solutions  and  Whole  Blood  t  >  hcllver  Oxygen  to  Tlasucs. 


For  these  calculations  ve  aaauae  that  arterial  pO^  ■  100  wm  Hg  and  xenous 
pO^  ■  40  Be  Hg,  that  each  auspenslos*a  oxygen  binding  proper tlea  follow  the 
Blsple  Hill  equation,  that  •  22.85  and  n  •  1.75  for  NHC,  that  P^q  ■  12.64 
and  n  *  2.05  for  SFH,  and  that  P^^  ■  26.0  and  n  •  2.8  for  blood.  What  we  have 
done  Is  to  calculate  the  aaount  of  0^  that  the  NHC  auapenslons  might  deliver 
to  tissues  (average  human)  In  one  cycle  through  the  body  and  then  determine  the 
percent  of  SFH  or  the  hematocrit  of  blood  necessary  to  deliver  the  aaae  amount 
of  oxj’gen. 


Cl 


r. 


We've  tested  the  viscosity  of  several  NHC  suspensions. 
The  bottom  line  is  that  NHC  suspensions  with  Hct's 
equivalent  to  that  of  a  blood  sample  have  viscosities  con¬ 
siderable  less  than  blood.  For  those  NHC  listed  in  Table  I, 
suspensions  having  apparent  hematocrits  of  approximately 
0.70  have  viscosities  essentially  equivalent  to  that  of 
whole  blood.  More  work  is  needed,  especially  as  NHC  compo¬ 
sition  is  changed. 


IV.  Effects  of  Neohemocvtes  on  Coaqulation  Times 


Clearly  the  best  strategy  for  evaluating  the  effects  of 
NHC  on  coagulation  time  is  to  carry  out  studies  ^  vivo . 
Although  planned,  this  has  not  been  done.  We  have,  however, 
carried  out  preliminary  studies  iji  vitro  (Table  III).  The 
results  indicate  that  NHC  have  a  modest  anti-coagulant 
effect,  which  in  general  should  not  be  a  problem. 


T?^'^e  III.  Performance  Tines*  of  Various  Coagulation  Tests. 


Sam^'le 

PT 

apn 

PTT 

hCT 

Saline  control 

11.6  -  0.26 

26.4  -  1.11 

64.0  t  8.5 

34 .’3’  -  0.94 

SFH 

12.7  *  0.22 

24.4  *-  2.16 

98.6  *  12.26 

45.2  -  2.22 

Liposo-^es 

14.9  *  0.06 

35.1  -  0.98 

82.8  t  1.9? 

45.6  *  2.59 

Neohe'^ocytes 

15.6  -  0.32 

30.5  -  0.64 

lOB.l  -  7.8? 

53.0  t  2.28 

*A11  times  in  seconds 


V .  Reduction  of  Neohemocy tes  v;i th  Tissues  I n  Vivo 

V.’e  are  now  taking  a  new  approach  to  this  goal.  Several 
early  ^  vi  vo  studies  indicated  that  attacliment  of  inert 
carbohydrates  to  liposome  surfaces  improves  their  plasma 
retention  times.  Results  from  other  laboratories  suggest 
that  liposomes  orcpared  with  sphingomvelin  (SH)  in  place  of 


some  or  all  of  the  PC  also  gives  liposomes  with  increased 
plasma  retention  times.  We  are  following  both  leads.  A 
refinement  of  the  carbohydrate  approach  is  to  prepare  a 
lipid  with  an  inert  carbohydrate  head-group,  a  "masking 
lipid,'  ML.  An  example  would  be  phosphatidylethanolamine 
with  a  low  molecular  weight  dextran  or  inulin  attached  to 
the  phospholipid  amine.  The  basic  idea  is  that  such  carbohy¬ 
drates,  because  of  their  structure  and  possibly  their  non¬ 
reducing  nature,  will  retain  their  inert  properties  when 
suitable  attached  to  a  lipid  component  of  an  NHC  and 
thereby  reduce  the  non-specific  interaction  of  the  NHC  with 
tissues  which  would  result  in  a  prolonged  circulation  half¬ 
time.  Synthesis  of  such  MLs  is  difficult,  but  never  the 
less  is  is  progress. 


VI.  Effects  of  Encapsulated  SFH  on  Liposome  Disposition. 

A  critical  assumption  in  our  overall  research  strategy 
has  been  that  the  disposition  properties  of  the  final  pre¬ 
ferred  NHC  would  be  the  same  irrespective  of  the  concentra¬ 
tion  of  the  encapsulated  SFH,  including  the  case  for  non 
encapsulated  SFH.  This  is  important  for  two  reasons;  (a) 
one  more  potential  variable  is  eliminated  in  future  studies, 
(b)  vivo  disposition  results  can  be  obtained  faster 
because  the  preparation  time  can  be  considerably  shortened. 
We  have  tested  this  assumption  and  found  it  to  be  reasonably 
valid.  Thus,  we  can  state  the  following  about  the  disposi¬ 
tion  prooerties  of  NHC  at  tracer  doses  (eouivalent  to  hnlHs  rln<;p<;  nf  1 
to  50  ml  of  a  suspension  with  a  Hct=50  in  a  70  ka  man). 


(a)  As  the  administered  total  surface  area  of  the  particles 
increases,  first  vascular,  then  hepatic,  then  spleeninc 
uptake/binding  becomes  saturated  resulting  in  a  large 
fraction  of  the  dose  remaining  in  the  circulation  for 
longer  periods  of  time  {relative  to  long-term  goals  a 
positive  result) . 

(b)  The  organ  and  total  body  disposition  properties  were 
essentially  the  same  for  liposomes  having  mean  diameters 
between  0.1  and  0.5  urn  (a  positive  result). 

(c)  Liposomes  of  very  similar  diameter  interact  with  the 
same  tissue  binding/uptake  sites,  however,  as  liposome 
diameters  become  significantly  different  so  do  the 
binding/uptake  sites.  Thus  the  dose  of  a  heterogenous 
liposome  (or  NHC)  suspension  needed  to  saturate  tissue 
binding/uptake  would  be  dramatically  larger  than  the 
dose  of  a  more  homogenous  suspension  (a  somewhat  nega¬ 
tive  result) . 


(d)  For  the  NHC  composition  used  in  these  studies  RES  uptake 
is  neither  rapid  nor  extensive  (a  positive  result) . 


L. 

2. 


Future  Objectives 

Evaluate  the  ^  vivo  function  of  NHC  following  incom¬ 
plete  and  complete  transfusions  in  rats. 


Determine  the  ability  of  several  "masking  lipids"  to 
reduce  tissue  interaction  of  NHC  in  vivo  and  increase 
their  circulation  hc.lf-time. 


3.  Improve  the  physicochemical  properties  of  Neohemocytes 
by  increasing  the  encapsulated  Hb  fraction  and  optimiz¬ 
ing  lipid  composition. 

I.  Scale-up  preparation  to  100  ml  batches. 


).  Evaluate  shelf-life  and  stability. 


).  Carry  out  acute  toxicity  study. 

I,  Establish  the  rate  of  met-Hb  formation  Jji  vivo  for 
remaining  NHC. 

J.  Assess  effect  of  NHC  on  the  reticuloendothelial  system. 


